Abstract A total of 566 koi carp (Cyprinus carpio) from the lower Waikato region were aged from scales and opercular bones, and growth was modelled with the von Bertalanffy growth function. There was no difference in growth rate between male and female carp. Growth of koi carp between zero and 3 years of age was lower than that of common carp in europe and Australia. however, after 5 years of age the growth of koi carp was higher than that of common carp in europe, but still below that of carp in Australia. males rarely lived in excess of 8 years, whereas females lived to 12 years. mean total fecundity calculated from 44 running-ripe females was 299 000 oocytes (±195 600 sd) (range 29 800-771 000). relative fecundity ranged from 19 300 to 216 000 oocytes kg -1 total body weight, with a mean of 97 200 (±35 000 sd) oocytes kg -1 . Feral koi carp in the Waikato are capable of multiple spawnings within their lifetimes. Within a spawning season, Waikato populations of feral koi carp contained females that spawned once, and females that had the potential to have spawned repeatedly. Female gonadosomatic index (Gsi) varied with season and was negatively related to water temperature.
INTRODUCTION
common carp (Cyprinus carpio l.) are generally considered to be one of the most ecologically detrimental of all freshwater invasive fish species (crivelli 1983; Zambrano et al. 2001; davidson 2002; dean 2003; koehn 2003) . Their ability to reach high biomass and their feeding behaviour have been implicated in causing major environmental degradation in many freshwater ecosystems (crivelli 1983; roberts et al. 1995; Zambrano et al. 1999; Barton et al. 2000; Zambrano et al. 2001) .
koi carp appear to be an ornamental variant of the east Asian common carp that were taken to Japan from china and bred for coloration and scale patterns (Axelrod 1973) . These fish were recognised as a threat to New Zealand's aquatic ecosystems in the 1970s (pullan & little 1979) , but feral populations of koi carp did not cause significant concern until self-sustaining populations were discovered in the Waikato river system in 1983 (pullan 1986). At this stage, a multi-agency programme was set up to monitor the spread of koi carp; however, this work was never carried out (mcdowall 1996) .
despite the recognition of their threat to new Zealand's lakes and rivers (Hanchet 1990) , little research has been conducted into the biology of feral koi carp in new Zealand, and the spread of koi carp continues despite the establishment of a containment zone and the eradication of a few highly limited populations (chadderton et al. 2003; dean 2003) . There are now extensive populations of koi carp in the lower Waikato river, its lakes and tributaries, with koi carp well established in the Waikato river from port Waikato to the karapiro dam upstream of cambridge, and in the Waipa river to upstream of otorohanga (national institute of Water and Atmospheric research limited, new Zealand Freshwater Fish database). The Auckland region also has extensive populations of koi carp and they are also patchily distributed in other parts of the north island (niWA, new Zealand Freshwater Fish database). The detection of two koi populations in the nelson-marlborough region in 2000 (chadderton et al. 2003 ) is of particular concern as feral koi have previously been absent from the south island and can only have arrived there through deliberate introduction.
From research on carp populations around the world it appears that growth rates for carp in temperate latitudes are very variable. After their first year fish size can vary from 105 to 190 mm fork length (Fl), reaching 195 to 300 mm Fl in their second year. At 7 to 11 years of age fish may reach 500 mm Fl (mccrimmon 1968; crivelli 1981; prochelle & campos 1985; Fernández-delgado 1990; Vilizzi & Walker 1999a,b) .
Age at which maturity is reached is also variable, ranging from 1 to 5 years for both males and females (crivelli 1981; prochelle & campos 1985; Fernández-delgado 1990; Vilizzi & Walker 1999a) . Water temperature and sexual maturity are correlated (Fernández-delgado 1990) , and latitude therefore plays an important role in the rate of carp development. carp can mature at 3 months of age (90 to140 mm Fl) in tropical waters, whereas it may take up to 5 years (355 to 430 mm F.l) for carp to reach maturity in northern europe or north America (Fernández-delgado 1990) . males appear to mature earlier than females, and under natural conditions carp rarely live longer than 15 years (mccrimmon 1968; Vilizzi & Walker 1999a) .
The determination of fecundity and the length of spawning period are fundamental to understanding a fish species' biology (Sivakumaran et al. 2003) . Accurate estimates of fecundity increase the efficiency of stock management and improve predictions of offspring production (crim & Glebe 1990) . such measures are important in estimating the potential of invasive species for spread and ecosystem impacts (Arthington & mitchell 1986; hutchison & Armstrong 1993) . carp are a highly fecund species; a ripe 5 kg female may produce 1 000 000 mature oocytes (prochelle & campos 1985; sivakumaran et al. 2003) . Typically, relative fecundity ranges from 100 000 to 300 000 oocytes kg -1 total body weight (hanchet 1990) .
if effective management measures are to be implemented in new Zealand, an understanding of the population biology of koi carp is necessary. Because of factors such as latitude and temperature on growth and development, and because koi carp 
MATERIALS AND METHODS
Bimonthly (every 2 months) samples of up to 20 koi carp per site were taken from the Whangamarino river, lower Waikato river, lake Whangape, and lake Waikare (Fig. 1 ) from november 2002 to november 2003. koi carp were collected using a variety of methods including fyke netting (10 mm mesh, set overnight), gill netting (30 m × 2 m, mesh 100 mm), trammel netting (50 m × 2 m, inner mesh 100 mm, outer mesh 300 mm), and boat electrofishing (operational parameters were 50-500 V dc and 2-8 A pulsed at 60 hz). After retrieval, fish were immediately placed in a 300 mg litre -1 benzocaine solution until dead. They were then transported to the laboratory and stored at 4°c overnight before processing. samples were also obtained from the annual new Zealand Bowhunters Association competitions in early november of 2002 and 2003 and were processed on site at lake Waahi. Fork length (± 1 mm), total body weight (± 1 g) and gonad weight (± 0.1 g) were recorded from all euthanased fish. Fish were also sexed and female maturity determined by macroscopic examination of gonads.
Ageing and growth
The development of age-at-length regressions enables calculations of growth rates, which reflect environmental and habitat conditions affecting fish populations. Growth can be a useful measure for evaluating habitat suitability, prey availability or the influence of management activities on a target species (deVries & Frie 1996) .
Both scales and opercular bones were used to estimate koi carp age. These structures were selected as they were the easiest to prepare and the use of two structures would provide greater accuracy. only samples where both the opercular bones and scales were available for ageing were selected for determining the growth parameters. Both left and right opercular bones were excised and soaked in hot 10% potassium hydroxide for 24 h to remove excess flesh. They were then rinsed in fresh water and any remaining flesh was manually removed. Following cleaning they were left to dry for 6 to 7 days in a ventilated room. Between five and ten scales were removed from the left anterior side of each fish just above the lateral line as per Vilizzi & Walker (1999a) . The scales were placed into warm 10% potassium hydroxide solution and soaked for c. 3 h. They were then rinsed and wiped clean to remove any flesh and mucilage. Non-regenerated scales were then mounted between two glass microscope slides and dried for 6 to 7 days. replacement scales, i.e., those showing opaque areas without annuli were excluded from analysis. opercular bones and mounted scales were interpreted using an olympus stereo microscope model sZ60 (10-20×) under transmitted light. For the scales, an annulus was taken as a transition between two uninterrupted zones of closely-and widelyspaced circuli (daily growth rings), with a growth check as an essential criterion. An opercular bone annulus was taken as a sharp transition between a translucent and an opaque zone. The concave surface of the opercular bone provided the best surface for interpretation (Vilizzi & Walker 1999a) . Three months after initial interpretation, estimated ages from both scales and opercular bones for each fish were reconciled. if the initial estimated ages matched, then that age was taken as the final estimated age. if the estimated ages did not match, both structures were reinterpreted. once a consistent age between both structures was achieved, the estimated age was taken as final. During interpretations, no prior knowledge of date of capture, length or weight of the fish was known by the interpreter.
Age validation
Between september 2002 and February 2005 a total of 1300 adult carp (>180 mm Fl) were dart-tagged along the lower Waikato river from hamilton to mercer (Fig. 1) . A scale was removed from the tag insertion point and a 100 mm plastic dart tag (hallprint, Type pd series) was inserted into the epaxial musculature and locked between pterygiophores spines using a needle applicator on the left side of the fish.
Validation of ages was achieved by comparing annuli of scales from 10 recaptured fish from the Waikato river. Between 6 and 10 scales were removed from the left anterior side of the fish at initial capture and assessed, these were then compared with the ages of 6 and 10 scales removed from the right side of the recaptured fish. Scales were aged by three independent assessors with no prior knowledge of 574 new Zealand Journal of marine and Freshwater research, 2006, Vol. 40 date of capture, fish length or weight. Tagged and recaptured fish were at liberty for between 244 and 743 days (mean 487 days).
Once the estimated ages were finalised, summary statistics for each age class were calculated. These data were then used to calculate growth, using the von Bertalanffy growth function (VBGF):
where L t is the length at age t, L ∞ is the theoretical maximum (or asymptotic) length that the species would reach if it lived indefinitely, K is a growth coefficient which is a measure of the rate at which maximum size is reached, and t 0 is the theoretical age at zero length (Ricker 1975) . The VBGF curve was fitted to the data using the maximum obtainable length obtained from a Ford-Walford plot (deVries & Frie 1996) . The VBGF was used because Vilizzi & Walker (1999a) found it provided a more realistic representation of growth than polynomial functions.
Reproduction
All gonad material from both males and females was removed, weighed (± 0.1 g) and the gonadosomatic index (GSI) subsequently calculated according to crim & Glebe (1990) . Female gonads were macroscopically staged using the definitions of Fouché et al. (1985) . For example, a stage iii (early developing) ovary is opaque and reddish with blood vessels, and eggs are visible to the eye as whitish and granular. A stage iV (developing late), ovary is reddish and opaque with eggs clearly discernable. stage V (gravid) eggs are completely round and only appear translucent a few days before spawning, and the ovary fills most of the ventral body cavity. spawning was designated as stage Vi; the roe is extruded with slight pressure to the abdomen and the eggs are translucent.
small samples (10 to 20 g) of gonad material were taken from several sections of each ovary of all mature (stage iii to stage Vi) female koi carp and preserved in 10% formalin. After fixing, a subsample (1-2.5 g) was taken and spread out over a black 10 cm × 10 cm plastic tray and covered with 0.5 cm of water. The subsamples were then photographed using a nikon d1X digital camera. After calibrating the image size, the mean diameter of each individual oocyte and total number of oocytes were automatically assessed using image pro plus version 4.5.1.22 for Windows (media cybernetics, inc., silver spring, md, United states).
hydrated and yolked oocytes were distinguished from atretic oocytes by differences in colour, shape and transparency. Yolked oocytes possessed yellow granules and were round in shape, whereas atretic oocytes were opaque and irregular in shape (sivakumaran et al. 2003) . Atretic oocytes or ovarian tissue were manually removed from the oocyte count. The sample was then filtered using Whatman 41 ashless filter paper and weighed to ±0.0001 g with a denver instrument m-310 laboratory balance.
A subsample of 155 ovaries was analysed and instantaneous fecundity and mean oocyte diameter were calculated. oocyte analyses were not conducted on fish sampled from the Bowhunters competition in 2003 as samples had already been obtained for a november sampling period the previous year. instantaneous fecundity was calculated as the total number of yolked oocytes per mature female at each sampling period. TF was determined from the standing stock of advanced oocytes (yolked oocytes and hydrated oocytes) at the beginning of the spawning season in september (n = 44) as this was when fecundity would be highest (sivakumaran et al. 2003) . TF was calculated by dividing the number of oocytes in the sample by the weight of the sample. This figure was then multiplied by the total weight of the ovaries to obtain the total number of oocytes. TF was then divided by total body weight, resulting in a relative fecundity value (sivakumaran et al. 2003) .
Statistical analysis
All statistical tests were carried out using minitab™ 13.30 statistical software (minitab inc., state college, pA, United states). All statistical tests were considered significant at the α < 0.05 level.
regression analyses were performed between TF, mean oocyte diameter (mod), Fl, total body weight, and age. Where significant relationships existed with mod either linear, exponential or power regressions were fitted to describe the relationship. The best fitting regression was identified from the adjusted coefficient of determination statistic (r 2 ). Also, differences between bimonthly mod were tested using one-way analysis of variance (AnoVA) followed by Tukey's pairwise comparisons (Zar 1996) . differences in growth rate between sexes were tested using AnoVA (Zar 1996) . direct comparisons between male and female mean length-at-age were tested using Student's t test. owing to the skewed distribution of the age data, the non-parametric mood median test was used to determine differences in male and female ages (Zar 1996) . Where assumptions of normality and homogeneity of variance were met and sample sizes allowed, one-way AnoVA was Tempero et al.-Age, growth and reproduction of koi carp used to test differences in length-at-age (Zar 1996) between the Waikato river, lake Waikare, lake Whangape, and Whangamarino river populations.
linear regression analyses were conducted between mean bimonthly water temperatures for the Waikato river at huntly, lake Waikare outlet, and the Whangamarino river (data supplied by environment Waikato) and mean bimonthly Gsi of both male and female koi carp.
RESULTS

Age composition and growth
Validation of annuli from tagged and recaptured fish resulted in 80% conformity between observed and expected annuli, with annuli assumed to form in late winter (i.e., August) ( Table 1) . Where conformity was not attained, the difference between observed and expected annuli resulted in the underestimation of age by 1 year for each fish by all three assessors.
A total of 566 carp were aged during this study. initial interpretations resulted in a 45% agreement between structures, and 99.6% conformity was achieved after the second interpretation 3 months later, with only two instances where conformity between scales and opercular bone estimated ages could not be achieved.
samples were dominated by 4-and 5-year-old fish, with relatively few fish in excess of 8 years (Fig. 2) . There were few males in excess of 7 years of age and only two greater than 8 years of age. The mean age of all males and females was significantly different at 4.6 and 5.2 years, respectively (mood median test; χ 2 = 15.8; d.f. = 1; P < 0.001; male n = 264, female n = 290). There were also significant differences in fish age between locations (Mood median test χ 2 = 11.2; d.f. = 3; P < 0.01) with lake Waikare and the Whangamarino river (4 years) having lower median ages than the Waikato river and lake Whangape (5 years). males and females exhibited similar mean lengthat-age values until 6 years of age when female mean length was significantly greater than male mean length (Student's t test; t = 2.26; d.f. = 61; P < 0.05; male n = 29, female n = 34). After 6 years of age, mean female length continued to exceed male mean length for the remaining age groups, but these differences were either not statistically significant or there were insufficient samples to perform statistical tests. mean Fl ranged from 107 mm for 1-year-old fish to 700 mm for one 12-year-old female (Table  2 ). There were no significant differences in growth rates between males and females (Student's t test; t = 0.4; d.f. = 1; P = 0.7). The VBGF parameters for the combined age-at-length data were L ∞ = 675 mm, K = 0.21, and t 0 = 0.15 year.
Growth of the combined Waikato koi carp populations (Fig. 3) was slower than growth of common carp for populations from Australia (Vilizzi Fig. 2 
Reproduction
A total of 674 koi carp were sexed, including 317 mature females and 317 mature males. Immature fish consisted of 10 males, 30 females, and a further 12 fish were indeterminate. Males were typically mature at 2 years of age and females at 3 years of age.
Total fecundity, relative fecundity and mean oocyte diameters were determined from 44 mature females captured in september 2003. Total oocyte numbers varied between 29 800 and 771 000 with a mean of 299 000 (±195 600 sd) oocytes. relative fecundity varied between 19 300 and 215 700 oocytes kg -1 total body weight, with a mean of 97 200 (±35 000 sd) oocytes kg -1 total body weight.
There was no significant relationship between relative fecundity and maternal size or age (maternal size F = 1.79, d.f. = 1, P = 0.18; age F = 2.54, d.f. = 1, P = 0.11). However, significant regression relationships were found between TF and Fl (TF = 12534e 0.0062 Fl (mm) , P < 0.001, r 2 = 0.648), total body weight (TF = 175.79 total body weight (g) 0.9153 , P < 0.001, r 2 = 0.682), and age (TF = 13117 age 1.663 , P < 0.001, r 2 = 0.569).
mean yolked oocyte diameter (mYod) was greatest in september and least in January and ranged between 0.30 and 1.85 mm. There were significant Table 1 expected and observed growth checks based on assumed check formation in August, which were used in age validation of tagged and recaptured koi carp (Cyprinus carpio) from the lower Waikato river, new Zealand. (Fig. 4) . mean oocyte diameter for ripe ovaries in september was 1.16 mm.
Both unimodal and polymodal size distributions of oocytes were observed throughout the year (Fig.  5) . individual female oocyte size distributions were most synchronous in september and least (Fig. 6) . A wide distribution in oocyte diameters was present in all sampling periods as were mature yolked oocytes. September 2003 when the first spawning activity of the season was observed (Fig. 7) . male Gsi did not show the same degree of seasonal variation as female Gsi. Both male and female Gsi reached a minimum in January 2003. regression analysis indicated a significant negative relationship between female Gsi and water temperature (F = 17.21, d.f. = 1, P < 0.01); there was no significant relationship between male Gsi and water temperature (F = 2.12, d.f. 
DISCUSSION
Age composition and growth
Growth rates for new Zealand koi carp fall within the range reported for populations of common carp elsewhere. Hanchet's (1990) statement of rapid carp growth of 165-280 mm Fl in 190 days is therefore not supported. koi exhibited similar growth rates during their first and second years, but higher growth rates from about 6 years of age compared with common carp in France (crivelli 1981), spain (Fernández-delgado 1990) , and chile (prochelle & campos 1985) . however, Australian common carp have much higher growth rates from zero to 5 years of age compared with carp from europe, chile, and new Zealand (Vilizzi & Walker 1999a) , although Australian and new Zealand carp reach comparable maximum size of c. 600 mm Fl by age 12. Growth rate may be strongly temperature-dependent and, by inference, latitudinally dependent, although carp growth may also be depressed by increasing salinity (Wang et al. 1997) . differences in growth rate between new Zealand koi carp and other feral carp populations may also be attributable to genetic variances.
McCrimmon's (1968) conclusion that wild carp rarely attained ages in excess of 20 years is supported by the finding that no koi older than 12 years of age were collected. Vilizzi & Walker (1999a) found relatively few common carp older than 12 years from the lower murray river, Australia, although Brown et al. (2005) found a significant number of 12-20-year-old carp in the mid-murray river and associated Barmah Forest Wetlands.
male koi carp appear to rarely live longer than 8 years. no explanation can be provided for this age limit other than that large numbers of male koi have been observed dead soon after spawning (G. W. Tempero pers. obs.), and it is possible that the frenetic activity of spawning may lead to fatal exhaustion of some males.
Relatively few fish were aged at zero to 2 years owing to the inherent bias against small fish when using 100 mm trammel nets. The size range of captured fish increased with the inclusion of boat electrofishing, but fish smaller than 150 mm FL were still difficult to obtain. Therefore, further investigation into the growth of young-of-the-year fish would improve estimations of koi growth in the Waikato region.
As we did not overestimate age, pseudoannuli from tagging or spawning appear to be absent or Table 3 Age at maturity, oocyte diameter, and fecundity of common carp and koi carp (Cyprinus carpio). rare. Underestimation of annuli from tagged and recaptured fish may have been owing to incomplete formation of the growth check, as the fish in which these occurred were recaptured in early August. Therefore, future studies involving ageing of samples from koi collected at this time of year should be treated with caution.
Reproduction
The spawning period for common carp is typically when water temperature is between 18 and 28°c (mccrimmon 1968), although spawning has been observed at water temperatures as low as 15°c (stuart & Jones 2002) . in northern new Zealand, this means spawning could extend for up to 8 months from september through to April given favourable conditions. spawning activity that was observed in september 2003 occurred at 16.5°c and viable larvae were collected from the same area one week later (G. Age at maturity in common carp is related to latitude and sex; males often mature before females, and fish mature earlier at low latitudes compared with higher latitudes (Table 3 ). in pond culture in india, males matured at 6 months of age and females at 8 months (parmeswaran et al. 1972) , whereas in the wild in canada, males matured at age 3-4 years (356 mm Fl), and females at age 4-5 (432 mm Fl; mccrimmon 1968). koi carp from the Waikato region matured at 2 years for males and 3 years for females. The number of degree-days to maturity is generally c. 10 000 for males and c. 15 000 for females (horvath 1985) .
The fecundity of feral koi carp in new Zealand (mean 299 000 oocytes per fish or 97 200 oocytes kg -1 total body weight) was less than that of carp elsewhere in the world (Table 3) . common carp in Victoria, Australia, had high fecundity (120 000 to 1 540 000 oocytes per fish or 163 000 eggs kg -1 total body weight; sivakumaran et al. 2003) .
The diameter of mature oocytes appears to be relatively variable (0.4-2.0 mm), but includes the mean mature oocyte diameter for koi carp from the Waikato region (1.2 mm). The presence of both unimodal and polymodal distributions of yolked oocyte diameters indicates that multiple and single spawning females are present in the population. oocyte development appears to be synchronous early in the spawning season and gradually becomes more asynchronous as the season progresses. This lack of synchronicity also occurred in carp in india, poland, and Australia (parmeswaran et al. 1972; Bieniarz et al. 1979; sivakumaran et al. 2003) . From observations made on whole ovaries and individual oocyte diameters it appears that the spawning period for the 2002-03 season was limited. owing to dry conditions over the late summer and autumn (G. W. Tempero pers. obs.), it is unlikely that any spawning activity occurred between January and August 2003.
Female Gsi exhibited an inverse relationship to water temperature similar to carp in chile (prochelle & campos 1985) . during the winter (June to early september), when water temperatures were at their lowest, female Gsi increased substantially as oocytes matured in preparation for spawning during the spring and early summer. The subsequent release of gametes over the spring and early summer caused a decrease in Gsi in both males and females. regeneration of gonad tissue took place from January to march. mature reproductive products were observed in both males and females in the post-december period indicating that spawning was possible given favourable conditions. Water temperatures were within the known preferred spawning temperature range during this time, so it is probable that falling water levels (G. W. Tempero pers. obs.) precluded spawning, as common carp are known to prefer spawning over recently flooded areas (Balon 1995) . photoperiod is an important regulator of spawning (sivakumaran et al. 2003 ), but appears to be secondary to temperature (davies & hanyu 1986 ).
Management implications
removing large, mature koi carp by selective netting may fail as a population control method, and is likely to induce compensatory recruitment and growth so that the overall number of eggs produced may not be 582 new Zealand Journal of marine and Freshwater research, 2006, Vol. 40 reduced. We base this conclusion on our finding that though larger females produce more eggs, the lack of relationship between relative fecundity and age suggests that increased growth rates will maintain the quantity of eggs produced. Nevertheless, older and larger females produce larger eggs which may contribute larger, more viable larvae than smaller females. models simulating control strategies for feral carp populations should take into account the relationships between maternal size, age, and egg quality owing to their potential to affect recruitment (sivakumaran et al. 2003) .
The long spawning period and multiple spawning characteristics of koi carp in new Zealand may restrict the effectiveness of management strategies aimed at limiting spawning opportunities by environmental manipulation, such as water drawdowns as used by shields (1958), or the targeted fishing of pre-spawning aggregations.
